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ABSTRACT 
This study focuses on the fabrication of red-emitting phosphor based on K2SiF6: Mn
4+
 
phosphor. Characteristic emissive peaks in the red region of the Mn
4+
 ions involve the energy 
transfer from spin-forbidden states of 
2
Eg → 
4
A2, showing narrow band emission peaks at 609, 
614, 631, 635 and 647 nm. Meanwhile, their absorptive peaks involve the energy transfer from 
spin-allowed states of 
4
A2 → 
4
Tg; the excited wavelength of the Mn
4+
 is in the range 360 - 460 
nm. Thus, the K2SiF6: Mn
4+
 phosphor is particularly suitable for redundancy of 460 nm - Light 
Emitting Diode (LED); it complements the red emission of the commercial White LEDs. 
Keywords: photo-conversion phosphor, red emission, WLED. 
1. INTRODUCTION 
The first light emitting diodes (LEDs) were developed in the early 1960s. However, they 
used less energy and only produced light at lower frequencies, corresponding to the red light of 
the spectrum. The first high intensity blue LED was created by Shuji Nakamura, Nichia 
Corporation in 1994. The existence of high performance blue - LED lead to the development of 
"phosphor converted White LEDs" (pc-WLEDs). In which, use a coating film of phosphor 
powder to convert some of the blue light that emits into the red and green light that produce the 
white light [1]. Isamu Akasaki, Hiroshi Amano and Shuji Nakamura were later awarded the 
2014 Physics Nobel Prize for the invention of blue LED. Luminescent or phosphorus materials 
play a key role in determining the optical properties of white LEDs, including color rendering 
index (CRI), color temperature correlation (CCT), etc. Yttrium garnet (YAG: Ce
3+
) is known as 
a commercially available phosphor, which is used to combine with blue LED chips to produce 
white light. However, due to the lack of light in the red spectrum, the corresponding white LEDs 
have many weaknesses, such as low CRI indexes and are rarely used in lighting sources to 
display [2]. Then, many researchers around the world focused to develop suitable red emitting 
fluorescent materials to improve white LEDs, including oxide materials, sulfides, nitrides, 
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organic compounds, and so on [3].  
Today, fluorescent materials absorb light blue and emit red light mostly based on rare earth 
active ions, for example, Ca2Si5N8: Eu
2+
 and CaSiAlN3: Eu
2+
, etc . All of them have broad 
spectrum and strong emission. However, due to very strict synthesis conditions for nitrite 
materials such as: high temperatures (> 2000 K), high pressures (~ 1 MPa) and in non-oxygen 
and environments humidity, etc. resulting to its high cost and less practical application. 
Furthermore, the Eu
2+
 ion has a broad spectrum of emission and low color purity, limiting in 
display applications. As a result, novel narrow-band phosphor compounds have good 
luminescence properties, simple and cheap synthetic processes need to be developed to replace.  
Recently, new fluorescent materials based on the A2BF6 structure activated by Mn
4+
 ions 
(A = alkali metal ions, B = Si, Ge, Ti, .etc) has attracted more and more attention. For example, 
K2TiF6: Mn 
4+
 has a large range of excitation in wavelengths from the ultraviolet (UV) to blue 
spectrum, and emits intense red light at 630 nm; the quantum efficiency is as high as 98 % 
greater than the 75-80 % value of the nitride material. It also has excellent luminescence 
properties under high temperature when operating the LED [4]. Ion activation, Mn 
4+
, in K2TiF6 
hardly had emission attenuation at 500 K while Eu
2+
 ions in CaSiAlN3 reduced red light intensity 
by 17 %. More importantly, it does not need rigorous synthesis conditions, such as high 
temperature or high pressure or oxygen / humidity separation. Up to now, there are three general 
methods including: wet chemical etching method at room temperature, hydrothermal method 
and "cationic exchange" or "ion exchange" methods. Sadao et al. have synthesized mixed Mn
4+
 
hexa fluoride materials using the basic Si, Ge or Sn, etc. precursor in HF/KMnO4/H2O solution 
[5]. 
The oxidation-reduction effect between precursors and KMnO4 in HF dilutes to produce a 
direct final product. Qiu and his colleagues used SiO2 as a cheap silicon source to obtain K2SiF6: 
Mn
4+
 by the same chemical acid corrosion process where H2O2 was used as a reducing agent for 
KMnO4 in HF dilutions [6]. Pan's group uses a hydrothermal method to synthesize fluorescent 
material A2BF6: Mn
4+
 phosphorus using oxide / KMnO4 as the primary material in the HF / H2O 
solvent. Recently, Chen and Liu's group developed a new synthetic approach based on the "two-
step cation exchange process". First, the pure K2MnF6 intermediate was formed by the reduction 
reaction between KMnO4, H2O2 and KHF2 in concentrated HF solution. Then, K2MnF6 reacted 
with K2SiF6 in dilute HF solution by direct cation exchange to generate K2(Si, Mn) F6 [7-8].  
In this study, we focus on the synthesis of K2SiF6: Mn
4+
 by one-step precipitation process 
and systematic analysis of its morphology and photoluminescence properties. Finally, we 
demonstrate its potential application in pc-WLED. 
2. EXPERIMENTAL  
K2SiF6: Mn
4+
 phosphor powder was synthesized by one step co-precipitation process in HF 
40 % [11]. First, SiO2 (99.5 %, AR) was dissolved in HF at room temperature. KMnO4 (98 %, 
AR) was added to this solution, to achieve a doping concentration of 5 % at; which called 
solution A. Meanwhile, KF (99 %, AR) was dissolved in HF and 35 % H2O2 to form solution B. 
Solution B was slowly dropped to Solution A in an ice bath, a yellow precipitated were formed 
immediately. The precipitate was washed with HF 20 % and ethanol and dried at room 
temperature in air, resulting in a pale yellow powder. 
The samples were analyzed for crystalline structure by X-ray diffraction (D8 Advance, 
Bruker) with Cu Kα radiation, surface structure by field emission spectrometry (SEM JSM-
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7600F, Jeol), excitation and fluorescence emission were achieved by 450 W monochromatic 
light source Xe arc and spectrometer (NanoLog, Horiba) at room temperature. 
Flat plates of remote phosphor were fabricated as follows: first, 5g of Poly(methyl 
methacrylate) (PMMA) was soaked in 10 ml of toluene to dissolve completely. After that, 5g of 
YAG (YAG:Ce
3+
 commercial powder λem ~ 530 nm) and mixed powders of YAG/KSF (7/3 and 
1/1, w/w) were mixed with PMMA-toluene solution to form a suspention. The doctor blade 
method was applied to coating the phosphor suspension onto a glass plate. The thickness of the 
phosphor layer was determined by the number of layers of adhesive tape that the phosphor 
suspension will fill up the space underneath the tape only. In this case, a layer of tape was 
equivalent to ~ 25 μm (1.5 × 2 cm2). Final, the coated samples were dried in air ambient at room 
temperature for few hours. The InGaN 455 nm blue LED was used as a blue source combined 
with a remote phosphor plate on the top, covering the entire output of the blue LED. The optical 
properties of WLEDs using the remote phosphorus plates were measured by an integrated sphere 
system with an inner coated Barium Sulfate (LED tester). 
3. RESULTS AND DISCUSSION 
3.1. Material characterizations 
To evaluate the crystalline quality of the phosphor powder, X-ray diffraction analysis was 
performed and the results were shown in Figure 1. All the diffraction peaks of KSF and 
KSF:Mn
4+
 samples can be indexed to Fm m space group of Cubic K2SiF6 phase (PCPDFWIN,  
#81-2264). No traces of other impurity phases were observed, indicating that all prepared 
samples have single phase of K2SiF6:Mn
4+
 phosphor. The peaks are very shape, implying a high 
crystallinity. No significant peak shift between doped and undoped samples is observed from 
XRD pattern. It reveals that KSF is one of a suitable host for Mn
4+
 doping in view of the same 
valence and similar radius between Si
4+
 (0.54 Å - crystal radius with six coordinations) and Mn
4+
 
(0.53 Å - effective ionic radius with six coordinations) [9].  
  
Figure 1. XRD pattern of KSF and KSF doped 
Mn
4+
, 5 % at. 
Figure 2. SEM image of KSF doped 5 % Mn. 
The crystalline structure is also evident from the image of the scanning electron microscope 
(SEM) in Figure 2, where cubic and octagonal particles of diameter various from 2 to 10 μm can 
be seen. 
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3.2. Optical properties of K2SiF6: Mn
4+
 
The optical properties of KSF: Mn
4+
 are shown in Figure 3. The KSF doped 5 % Mn
4+
 
powder obtained after drying is porous without lumps and pale yellow in daylight (see Figure 
3a). When the prepared phosphor is irradiated by the 455 nm-LED (see Figure 3b), the powder 
emits a bright red light. From the optical images, we can conclude that we have succeeded in 
fabricating the conversion phosphor (from blue to red light) which could be applied into warm 
WLEDs application. For further understand the original optical properties of KSF: Mn
4+
, we 
conduct the excitation and fluorescence performances, which are shown in Figure 3c.  
Mn
4+
 activator replaces the position of Si
4+
 in octahedral coordinates of the K2SiF6 crystal. 
The electron structure of the Mn
4+ 
ion is formed by three electrons in the 3d
3
 electron 
configuration, which are affected by neighbor anions. The energy structure of such a system can 
be described by the Tanabe-Sugano diagram [10], with Racah B and C parameters describing 
Coulomb interactions and interactions between 3d
3
 electron and crystals field, Dq, depending on 
the distance R between Mn-F, according to the R
-5 
coefficient. In the basic state of octahedral 
coordinates of the Mn
4+
 ion, the 
4
A2g state, the three electrons occupy the lower state. While the 
first excited state, depending on the crystal field strength, may be 
4
T2g has a low crystalline field 
Dq / B < 2.2) or 
2
Eg (high crystal field Dq / B > 2.2). Because the inverse symmetric structure of 
cubic crystal of KSF causes the 
2
Eg → 
4
A2g transition in the MnF6
-2
 parity banned and only 
achieved when interacting with the vibronic modes. We only observe the Stokes υi and anti-
Stokes υi’ transition. 
 
Figure 3. Optical images of K2SiF6 doped 5 % Mn
4+
 under visible light (a), 460 nm blue light (b), and 
excitation and emission spectra of red phosphor KSF:Mn
4+
 prepared (c). 
The photoluminescence of KSF: Mn 
4+
 at room temperature (red line, Figure 3c) shows 
narrow bands at 609 nm (υ4’), 614 nm (υ6’), 631 nm (υ6) 635 nm (υ4) and 647 nm (υ3) 
corresponding to 
2
Eg →
 4
A2g transition. These emissions correspond to red compatible with the 
sensitivity of the human eye, suitable for lighting applications. Two broad excitation bands from 
320 to 380 nm and 390 - 500 nm (blue line, Figure 3c) are present corresponding to spin-allowed 
steps 
4
A2g → 
4
T2g and 
4
A2g → 
4
T1g, respectively. Primary excitation band peaks at 455 nm, ideal 
for blue-LED excitation at 450-460 nm. 
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3.2. Application of K2SiF6: Mn
4+ 
in WLED 
Figure 4 depicts the EL spectrum of white LED, a blue LED (450 nm) driven at a current of 
15 mA covered with commercial YAG and KSF: Mn (synthsized, 5 % doped) phosphors. Figure 
4(a) shows that the YAG-coated blue LED emits two distinct spectra bands, including blue 
(LED, 455 nm), and a broad band from 500 nm to 600 nm, peaked at 550 nm (YAG: Ce). 
 
Figure 4. Out put light spectrum of pc-WLED employed InGaN chip (455 nm),  
YAG: Ce
3+ 
and KSF: Mn
4+
. 
When KSF: Mn are added (see Fig. 4 (b) and (c)), another emission band range of 610-630 
nm appears. With the increasing of KSF: Mn content (here we used two weight mixing ratio of 
KSF/YAG: 3/7 and 1/1) the intensity of blue light tends to decrease. When mixing YAG with 
KSF: Mn (3/7, Fig: 4 (b)), the color temperature decreased from the 5600 K (LED + YAG 
system) to 3066 K (LED + YAG + KSF: Mn); while color rendering index increased from 64.4 
to 80. With the mixing ratio of 1/1, the corresponding index is 2700K and 74. Thus, addition of 
KSF phosphor could improve the WLED performance. 
4. CONCLUSION 
In summary, we have reported the first of out attempt to creation of the Mn
4+
-doped K2SiF6 
phosphor by one step co-precipitation process. Concequently, pure phase of cubic K2SiF6 is 
achieved. K2SiF6 doped 5 % content of Mn
4+
 shows the strong emission in red light spectrum 
corresponding to the 609, 614, 631, 635 and 647 nm emission peaks under the excitation spectra 
at around 455 nm of blue LED. Addition of K2SiF6: Mn
4+
 to YAG: Ce
3+
 as a phosphor 
conversion can improve the WLED optical properties. The first combination of YAG: Ce and 
K2SiF6: Mn
4+
 gave the results of CCT - CRI with two mixing ratio of 7/3 and 1/1 are at 3066 K - 
80 and 2700 K – 74, respectively. 
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